Animals including humans execute motor behavior to reach their goals. For this purpose, they must choose correct strategies according to environmental conditions and shape many parameters of their movements, including their serial order and timing. To investigate the neurobiology underlying such skills, we used a multi-sensor equipped, motor-driven running wheel with adjustable sequences of foothold pegs on which mice ran to obtain water reward. When the peg patterns changed from a familiar pattern to a new pattern, the mice had to learn and implement new locomotor strategies in order to receive reward. We found that the accuracy of stepping and the achievement of water reward improved with the new learning after changes in the peg-pattern, and c-Fos expression levels assayed after the first post-switch session were high in both dorsolateral striatum and motor cortex, relative to post-switch plateau levels. Combined in situ hybridization and immunohistochemistry of striatal sections demonstrated that both enkephalin-positive (indirect pathway) neurons and substance P-positive (direct pathway) neurons were recruited specifically after the pattern switches, as were interneurons expressing neuronal nitric oxide synthase. When we blocked N-methyl-D-aspartate (NMDA) receptors in the dorsolateral striatum by injecting the NMDA receptor antagonist, D-2-amino-5-phosphonopentanoic acid (AP5), we found delays in early post-switch improvement in performance. These findings suggest that the dorsolateral striatum is activated on detecting shifts in environment to adapt motor behavior to the new context via NMDA-dependent plasticity, and that this plasticity may underlie forming and breaking skills and habits as well as to behavioral difficulties in clinical disorders.
Introduction
Most motor behaviors consist of sequences of movements. To improve these behaviors, successive movements must be executed in the correct order and with accurate timing. As such sequences are repeated, the movements become spatially and temporally more accurate by the process known as skill learning. With changing circumstances, however, we must discard or suppress old strategies and find new ones. Thus, finding a new strategy is an important step for acquiring a new motor skill and for altering an old one.
The acquisition follows several phases: first, fast learning occurs in an early stage of learning, typically within a session; later, slower learning with smaller gains in performance continues through further sessions. After a skilled behavior has been acquired, it can be retained even with some break in its repetition. The neural mechanisms underlying motor skill learning have been studied for decades in humans and experimental animals including non-human primates and rodents. Multiple cortical regions appear to be involved, including the motor cortex (Karni et al., 1995; Muller et al., 2002; Floyer-Lea & Matthews, 2005) , and dorsolateral prefrontal and premotor areas Ghilardi et al., 2000; Grafton et al., 2002) ; and also both the basal ganglia Floyer-Lea & Matthews, 2005; Leh ericy et al., 2005; Grol, 2006) and the cerebellum (Jenkins et al., 1994; Sakai et al., 1998; Eliassen et al., 2001; Penhune & Doyon, 2002) exhibit increases or decreases in activity during motor learning, depending on the learning stages interrogated.
In non-human primates, neuronal activity in the pre-supplementary motor area decreases in the late stages of visuomotor sequence learning (Nakamura et al., 1998; Sakai et al., 1999) . The activity of neurons in the anterior and posterior striatum has also been shown to depend on learning stage (Miyachi et al., 2002) , with the caudate nucleus and rostral putamen active in early stages of acquisition, and the caudal putamen active in the late stages. As well, spike activity at the beginning and end of movement sequences develops with experience (Desrochers et al., 2015) .
In rodents trained on rotarod tasks, changes in neuronal activity have been observed in the motor cortex and striatum (Costa et al., 2004) , and N-methyl-D-aspartate (NMDA) receptor function in the dorsolateral striatum has been found to be required (LemayClermont et al., 2011) . Protein synthesis, required for many forms of synaptic plasticity, has been reported necessary in the motor cortex for inter-session improvement of motor performance of a skilled reach task (Luft, 2004) .
Altogether, reaction times and success rate have been used for the evaluation of motor skill in most studies. Here, we measured timing and accuracy of motor performance requiring patterned locomotion in a step-wheel system in which the mice could be trained to run in different stepping patterns by experimenter-controlled placement of pegs placed like rungs on a ladder to provide footholds (Kitsukawa et al., 2011; Nakamura et al., 2014) . The stepping pattern of the mice could be changed by shifts in peg-patterns, requiring the mice to change running strategy. The timing of footfalls could be monitored at a millisecond level by touch sensors on each peg, allowing analysis of the accuracy and timing of the peg touches. We trained mice with an initial peg-pattern, and then, without warning, introduced a new pattern in order to force the animals to change their running patterns. We monitored motor cortical and, especially in detail, striatal activity, by analyzing the expression of the immediate early gene, c-Fos, in identified neurons in relation to striatal neuron type. Finally, we tested for the necessity of the striatal activity found by examining the effects of blockade of NMDA receptor activity in the dorsolateral striatum. Our findings demonstrate that flexible, rapid responses to changes imposed by the environment require NMDA-mediated plasticity in the dorsolateral striatum.
Materials and methods

Animals
Two lines of mice (10-20 weeks old) of different sizes, ICR (weighing 30-40 g, n = 12) and C57BL/6 (20-25 g, n = 32) mice, were used for this study. All mice were purchased from SLC Japan (Hamamatsu, Japan). ICR mice were used for motor learning experiments and immunostaining studies, and C57BL/6 mice were used for motor learning experiments with pharmacologic treatment. All procedures were performed in accordance with the guidelines for the conduct of animal experiments of Osaka University, National Institute for Basic Biology, and the Committee on Animal Care of the Massachusetts Institute of Technology. The mice were allowed free access to dry pellet food. During experimental periods, the mice were allowed to drink water in the wheel during and after training sessions. Additional water was given in their home cages as needed to reach 3 ml/day. They were given free access to water for an entire day every 1-2 weeks during training. Ad lib water was also given if their weight fell to less than 80% of its initial level.
The step-wheel task
The step-wheel ( Fig. 1) consisted of an upright motor-driven rotating running wheel with ladder-like pegs for foot-holds for locomoting mice (Kitsukawa et al., 2011) . The diameter of the step-wheel was 32 cm, and the circumference was 100 cm. Varying the positions of the right and left pegs allowed control of the stepping patterns of the mice. A spout, from which the mouse could drink water as reward, protruded through a space between the right and left pegs. To monitor individual paw-touches to each peg, we applied AE100 mV squire-waves at 20 kHz. Paw-touches were detected by the reduction of the amplitude using a voltage sensor ('paw-touch sensor') line connected to each peg ( Fig. 1A) and custom software developed with LabVIEW (National Instruments, TX). The applied voltage did not cause any aversive behavioral effect on mice (Kitsukawa et al., 2011) . Wheel rotation, peg passage and the position of the mouse were monitored with infrared photobeam units (Fig. 1B) .
The running surface of the wheel was made up of spatially organized rung-like pegs. One trial of a given peg-pattern consisted of 24 pegs, 12 for the right foot and 12 for the left foot, and a given peg-pattern was repeated twice in one turn of the wheel. We exposed the mice to three different peg-patterns, termed A, C1 and C2 (Fig. 1C) . One session typically consisted of 60 trials.
Timeline of training
(1) Habituation: Initially, na€ ıve mice deprived of water over night were placed in the stationary step-wheel with peg-pattern A for about 10 min, during which time they could find the spout and drink water. This habituation training typically took 2 days. (2) Pre-training: Wheel turning was begun during each session, still with peg-pattern A, with gradual increases in speed until the experimentally determined plateau of about 7.2 rpm for ICR mice and 6 rpm for C57BL/6 mice, corresponding to 12 cm/s and 10 cm/s on running surface respectively. This pre-training period typically lasted about 3 weeks. (3) After the pre-training period, peg-patterns were changed without changing turning speed. Mice were trained once a day.
Accelerating wheel test used in pharmacologic experiments
For this test, to determine the appropriate concentration of D-2-amino-5-phosphonopentanoic acid (AP5, Sigma), an NMDA receptor antagonist (Fig. 6B) , we ran mice on the peg-pattern A and gradually increased the turning speed of the wheel from 3.75 to 10 rpm (6.3-16.7 cm/s). The fastest turning speed at which the mice could stay near the spout as detected by a photobeam was measured 8-10 times, and the average of the three fastest turning speeds was used as the score for each mouse. The fastest turning speed that mice could run was determined by the absence of photobeam a-breaks, which indicates that mice were not close to the spout, for 3 s.
Two indices were used for the evaluation of motor skill learning: (i) the inter-touch variance in peg-touch times and (ii) the waterposition time. The inter-touch variance was calculated as the variances of time spent between two touches of pegs separated by 11 pegs (the inter-touch interval) and was used to evaluate the accuracy of stepping. In a session, the inter-touch intervals for every pair of pegs (e.g., peg 1 to peg 12) were calculated trial by trial. The intertouch variance was the averaged variance of collected inter-touch intervals for every pair of pegs in a session. We calculated the intertouch intervals only when mice ran near the spout, breaking photobeam a, because the inter-touch intervals should be of quite different values when touches were recorded outside the spout area. These values were calculated and then averaged over every right and left peg pair. The water-position time is the length of time that mice break the photobeam a in a given session. All data analysis was performed with custom software developed with MATLAB (Mathworks, MA).
Immunohistochemistry and in situ hybridization
Brains were removed from mice deeply anesthetized with sodium pentobarbital (200 mg/kg weight) 30 min after the onset of training and freshly frozen. Serial transverse sections (10-lm thickness) were cut on a cryostat and collected on glass slides. Immunohistochemical detection of c-Fos protein was performed with anti-c-Fos antibody (1/1000 dilution; sc-52, Santacruz, CA). Signals were detected by horseradish peroxidase activity with 0.025% diaminobenzidine and 0.03% hydrogen peroxide.
In situ hybridization was conducted with digoxigenin-labeled antisense RNA probes. The RNA probes were transcribed from subcloned cDNA fragments. The cDNA fragments were obtained by RT-PCR from total mouse brain RNA. Primers used for the PCRs were agttcccttgggataacatc and tgagtcgtttcgcgaagtcc for preproenkephalin (enkephalin), tggacatggccagatctctc and cgcagtgacgttcgaacctg for preprotachykinin A (Substance P), ggccatcactatattccctc and ccaccaggtgttaccagtgg for neuronal nitric oxide synthase, ttgcaggatgtcgatgacag and aggtcgtaaaggtcttcttc for parvalbumin, aacatccaacagctcaccac and tctctgtaaactcttctttg for calretinin, and tacaagcttctagctgtgag and tcactgagacggcggaaatt for choline O-acetyltransferase.
Procedures for in situ hybridization followed the method developed by Schaeren-Wiemers and Gerfin-Moser (1993) . Sections were hybridized at 72°C for 12 h, and signals were detected using alkaline phosphatase with nitro blue tetrazolium chloride and 5-bromo-4-chloro-3-indolyl phosphate.
For combined immunohistochemistry and in situ hybridization, sections were first stained with anti-c-Fos antibody, and then treated for in situ hybridization. To protect mRNA in sections, yeast tRNA (0.2 mg/ml) was added to antibody solutions.
For quantitative analysis of labeled neurons, all analyses were carried out on blind-coded slides. Brain regions used for counting were determined according to the brain atlas by Paxinos and Franklin (2001) at the levels corresponding to atlas Figures 24 to 28 (anteroposterior = +0.86 to 0.38 mm from bregma). An ocular grid was used for the reference to determine sizes of the regions. At least three sections per animal were used.
Pharmacologic treatments
For implantation of cannulas, mice were deeply anesthetized with sodium pentobarbital (50 mg/kg) before surgery. C57BL/6 mice were used for the pharmacological experiments. Cannulas were inserted into the brain by stereotaxic technique (Paxinos & Franklin, 2001) . The skin overlying the skull was incised, a small (<1 mm in diameter) opening in the calvarium was made under stereotaxic guidance with a dental drill at coordinates corresponding to the right and left striatum (antero-posterior = +0.7 mm, medio-lateral = AE2.1 mm relative to bregma), and guide cannulas were inserted into the dorsolateral striatum (depth = 2.7 mm relative to bregma). Mice were allowed to recover for 1 week before experimentation. Obdurators in the cannulas were left in place, and replaced by injection cannulas connected to Hamilton syringes for microinjection.
AP5 (Sigma, 0.05 lg or 0.5 lg in 0.2 ll saline per site) was administered bilaterally into the dorsolateral striatum, 30 min before the session each day. Microinjection was made at a constant rate of 0.2 ll/min using Hamilton syringes. Saline was injected in control mice.
For histological reconstructions of cannula placements, mice were deeply anesthetized with sodium pentobarbital (50 mg/kg weight) and perfused transcardially with 4% paraformaldehyde in 0.1 M phosphate buffer solution (PBS, pH 7.4). Brains were removed from the cranium, post-fixed in the fixative, and equilibrated with 30% sucrose in 0.1 M PBS. Frozen sections (40-lm thickness) were cut with a sliding slicer.
Statistical analysis
All data were analyzed by one-factor ANOVA, one-factor repeated measures ANOVA, or two-factor mixed design ANOVA followed by two-tailed t test or post hoc Bonferroni test, and are presented as mean AE SEM.
Results
Performance improvement in the step-wheel
We asked whether improvement of performance could be found in mice trained on a novel complex peg-pattern in the step-wheel. We first trained mice with an initial peg-pattern (pattern A) until mice could run as fast as 7.2 rpm (12 cm/s), and then changed the pegpatterns to a novel peg-pattern, pattern C1, without changing the rotational speed of the wheel. To evaluate motor skill learning, we measured (i) the inter-touch timing variance and (ii) the water-position time. To analyze the improvement of motor skill in the domain of the accuracy of stepping, we calculated the inter-touch variance for sessions run after the peg-pattern change from A to C1. If a mouse could learn the pattern of peg sequences, then it is possible that timing to touch pegs would become more accurate as training proceeds. When the stepping is accurate over trials in a session, the time duration consumed between touches of two particular pegs would be similar in every trial and the variance of the duration over trials in a session, which was named as the inter-touch variance, would be small. The inter-touch variances with the novel peg-pattern, C1, were significantly smaller in sessions 8, 10, 11, and 12, relative to those in the first session (Fig. 2B , n = 7, one-factor repeated measures ANOVA, F 11,66 = 4.69, P = 2.9 9 10 À5 ; Bonferroni test, P values for sessions 2 to 12 were 1, 1, 1, 0.30, 0.11, 0.88, 0.017, 1, 0.037, 0.015, 0.008, respectively). This result indicated that over several sessions, the mice improved the accuracy of their stepping movements when confronted by a novel peg-pattern.
The water-position time was the length of time that mice could stay running in the vicinity of the spout, which was detected by the breakage of the photobeam a. The motivation of mice to run in the step-wheel was to be able to drink water from the water spout. Thus, the water-position time was considered as a measure of achievement. To keep drinking water, the mice were required to run at the same speed as the speed of the wheel, which was kept constant during experimental sessions. The water-position time thus reflected the ability of the mice to catch up the turning speed of the wheel as well. To maintain the high motivation level to allow the mice to run in the wheel, the turning speed was set so that mice could stay within the water-position region for at least about half of the total duration within a session. As a result, the water-position time was as high as 70% of session duration even in the first session (Fig. 2C) . Nevertheless, the water-position times increased steadily, significantly rising in sessions 8, 10, 11 and 12 (Fig. 2C , n = 7, one-factor repeated measures ANOVA, F 11,66 = 3.86, P = 2.6 9 10 À4 ; Bonferroni test; P values for sessions 8, 10, 11, and 12 were 0.021, 0.010, 0.013, and 0.018, respectively). There was an interruption of 16 days between sessions 9 and 10, but this delay did not appear to alter the trends. In sessions 10-12, the inter-touch variances were as low (Fig. 2B) , and the water-position times were as high ( Fig. 2C) as those in session 8, suggesting that the motor ability, once learned in earlier sessions, was not lost by the interruption.
c-Fos expression in mice trained in the step-wheel
To identify brain regions potentially involved in the shaping of the sequential movement patterns observed after the peg-pattern change, we examined c-Fos expression in the brain, concentrating on the primary (M1) and secondary (M2) motor cortex and the dorsolateral and dorsomedial striatum, by immunohistochemistry (Fig. 3) . As the performance reached asymptotic levels at session 6, we compared the c-Fos expression of mice in sessions 1 and 7. We also counted the number of c-Fos-positive (c-Fos + ) neurons in untrained caged (na€ ıve) mice as a control. We found a remarkable increase in the number of c-Fos + neurons in all regions examined in the trained mice (n = 5 for session 1 and n = 5 for session 7), relative to the na€ ıve mice (n = 5), both in sessions 1 and 7, except for that in the dorsolateral striatum for session 7 ( Fig. 4 ; M1: one-factor ANOVA, F 2,12 = 39.2, P = 5.5 9 10
À6
; Bonferroni test, P = 4.5 9 10 À5 vs.
session 1, P = 7.3 9 10 À3 vs. session 7; M2: one-factor ANOVA, F 2,12 = 17.7, P = 3.0 9 10
À4
; Bonferroni test, P = 9.7 9 10 À4 vs.
session 1, P = 0.043 vs. session 7; dorsolateral striatum: one-factor ANOVA, F 2,12 = 24.5, P = 5.8 9 10 À5 ; Bonferroni test, P = 3.1 9 10 À4 vs. session 1, P = 0.12 vs. session 7; dorsomedial striatum:
one-factor ANOVA, F 2,12 = 6.2, P = 0.01; Bonferroni test, P = 0.023 vs. session 1, P = 0.038 vs. session 7). These differences in c-Fos expression between untrained na€ ıve mice and trained mice most probably reflect neuronal activity related to motor activity. However, even among trained mice, differences in c-Fos expression were observed between sessions 1 and 7. Significantly more neurons expressed c-Fos in session 1 than in session 7 in the M1 (Fig. 4A , Bonferroni test, P = 0.023), M2 (Fig. 4B , Bonferroni test, P = 0.029), and dorsolateral striatum (Fig. 4C , Bonferroni test, P = 2.7 9 10 À3 ), but not in the dorsomedial striatum (Fig. 4D , Bonferroni test, P = 0.76). These results may indicate that M1, M2, and dorsolateral striatum were involved in stage-dependent adaptation, such as motor learning, rather than solely motor activity. To clarify neuronal types expressing c-Fos in the dorsolateral striatum, we used enkephalin (Enk) and substance P (SP) as respective markers for spiny projection neurons (SPNs) of the indirect (iSPNs, Enk-rich) and direct (dSPNs, SP-rich) pathways (Albin et al., 1989; Kawaguchi et al., 1995; Tepper et al., 2010) . We analyzed staining for c-Fos and each SPN-specific marker to identify iSPNs and dSPNs activated in the task (Fig. 5A-D) .
c-Fos was strongly induced in both iSPNs (one-factor ANOVA, F 2,12 = 81.2, P = 1.1 9 10 À7 ; Bonferroni test, P = 8.3 9 10 À4 , n = 5) and dSPNs (one-factor ANOVA, F 2,12 = 47.7, P = 2.0 9 10 À6 ; Bonferroni test, P = 6.5 9 10 À4 ) in the day of pattern-change, session 1, relative to session 7 (Fig. 5E) . The ratio of c-Fos + ENK + (iSPN) to c-Fos + SP + (dSPN) neurons was not changed significantly between sessions 1 and 7 ( Fig. 5E ; two-tailed t test, P = 0.70), suggesting both direct and indirect pathways were activated in a balanced ratio regardless of learning stage. We studied interneuron activity in the dorsolateral striatum by testing for parvalbumin (PV), neuronal nitric oxide synthase (nNOS), choline acetyltransferase and calretinin as markers for four different types of striatal interneurons. Strikingly, among these interneuron types, elevated c-Fos expression relative to levels in na€ ıve control mice was detected only in PV + and nNOS + interneurons. Elevated c-Fos expression in PV + interneurons was found both in sessions 1 and 7. There was no significant difference in the number of c-Fos + PV + neurons between sessions 1 and 7, but these numbers were significantly higher than those for the naive group ( Fig. 5F ; one-factor ANOVA, F 2,12 = 11.2, P = 0.002; Bonferroni test, na€ ıve vs. session 1, P = 0.013, na€ ıve vs. session 7, P = 0.039, session 1 vs. session 7, P = 0.42). This result suggests that the activity of the PV + interneurons could be involved in motor activity per se rather than the learning of novel stepping. By contrast, for nNOS + interneurons, the numbers of c-Fos + nNOS + neurons was significantly higher in session 1 than the numbers in session 7 (Fig. 5G , one-factor ANOVA, F 2,12 = 20.7, P = 0.0001; Bonferroni test, na€ ıve vs. session 1, P = 5.2 9 10 À4 , na€ ıve vs. session 7, P = 0.16, session 1 vs. session 7, P = 0.037).
Blockade of NMDA receptor in the striatum
The increase of c-Fos-expressing neurons in the first day of peg-pattern change could indicate that plastic changes were occurring at synapses in the striatum. In an attempt to test this possibility, we injected the NMDA receptor antagonist, AP5, directly into the dorsolateral striatum 30 min before the onset of the task (Fig. 6A ) and examined performance in the step-wheel. Before testing motor learning, we checked the effect on running performance of administering AP5 at each of two different doses (0.05 and 0.5 lg/site). We noted the highest speed that mice could run at each dose as the wheel turning rate increased (3.75-10 rpm) with the original peg-pattern A. Mice treated with the higher dose of AP5 (0.5 lg/site) could not catch up to wheel speeds above 6 rpm, whereas mice treated with the low dose of AP5 (0.05 lg/ site) could run as well as mice treated with saline even when the speed was as high as 7.5 rpm (Fig. 6B) . Accordingly, we administered the low dose of AP5 (0.05 lg/site) to both sides of the dorsolateral striatum at 30 min before the onset of each session and examined the inter-touch variances and the water-position times of the mice during new learning. The turning speed of the step-wheel was set to 6 rpm.
When the novel peg-pattern C2 was introduced, the inter-touch variances of both saline-treated and AP5-treated mice decreased gradually across successive sessions (Fig. 6C ). Significant reduction was detected between session 1 and sessions 2-9 in saline-treated mice (n = 6, one-factor repeated measures ANOVA, F 8,40 = 15.54, P = 4.3 9 10 À10 ; Bonferroni test, P values for sessions 2-9 vs. session 1 were 0.016, 9.4 9 10 À4 , 3.9 9 10 À4 , 1.8 9 10 À7 , 3.4 9 10 À9 , 8.0 9 10 À9 , 1.3 9 10
À8
, 2.1 9 10 À8 , respectively). In AP5-treated mice, the inter-touch variances decreased significantly from session 1 to sessions 3-9 (n = 7, one-factor repeated measures ANOVA, F 8,48 = 20.80, P = 3.6 9 10 À13 ; Bonferroni test, P values for sessions 2-9 vs. session 1 were 0.06, 1.0 9 10 À5 , 8.5 9 10 À8 , 1.7 9 10 À9 , 4.7 9 10 À11 , 2.1 9 10 À11 , 2.7 9 10 À11 , and 1.2 9 10 À11 , respectively). The inter-touch variances of AP5-treated mice were higher than those of saline-treated mice in the first two sessions, but the changes did not reach statistical significance in any session.
We next analyzed the performance measured by the water-position time. Significant improvement was observed in sessions 3-9 both in the saline-treated mice (n = 6, one-factor repeated measures ANOVA, F 8,40 = 8.90, P = 6.6 9 10 À7 ; Bonferroni test, P values for sessions 2-9 were 0.057, 1.6 9 10 À4 , 1.5 9 10 À3 , 4.6 9 10 À6 , 6.8 9 10 À7 , 1.2 9 10 À6 , 2.4 9 10 À4 and 2.3 9 10
À6
, respectively) and in the AP5-treated mice (n = 7, one-factor repeated measures ANOVA, F 8,48 = 32.74, P = 1.1 9 10 À16 ; Bonferroni test, P values for sessions 2 to 9 were 0.16, 4.3 9 10 À8 , 7.2 9 10 À11 , 4.1 9 10 À12 , 1.6 9 10 À13 , 8.5 9 10 À14 , 2.8 9 10 À13 and 2.1 9 10 À13 , respectively), compared to values in the first session for each group (Fig. 6D) . The water-position times of the AP5-treated mice were lower than those of the saline-treated mice in the first three sessions. Although a two-factor mixed design ANOVA did not detect modulation by drug (n = 13, F 8,99 = 1.36, P = 0.25), significant interactions were found between sessions and drug (n = 13, F 8,99 = 2.25, P = 0.03). The difference between the two groups reached significance in the second session (two-tailed t test, P value for sessions 1-9 were 0. 20, 0.016, 0.20, 0.38, 0.77, 0.60, 0.22, 0.43 and 0.38 respectively). These results indicated that mice treated with AP5 had difficulty in running on the novel pattern of pegs in early sessions. We therefore tracked the changes of the performance of mice within individual sessions. For this purpose, we used the water-position time, because the water-position time had a discrete value for each trial, enabling us to divide a session into blocks of early and late trials, unlike the inter-touch variance for the calculation of which all the inter-touch intervals recorded within a session were used. Cumulative times spent in the water-position slowly increased in the first half of early sessions (Fig. 7A ). This slow improvement was observed in both groups of mice in session 1, but was only observed in AP5-treated mice in session 2. In the third to last sessions, the cumulative water-position time increased linearly with trials within each session. To determine whether the rate of increases in the cumulative water-position times changes within a single session, we compared the slopes of growth rates between early (trials 1-15) and late (trials 31-45) trials (Fig. 7B) . We restricted the late trials to trials 31-45, although mice typically ran 60 trials, because some mice drank water only intermittently after trial 50.
The slopes of the change in cumulative water-position times increased significantly in the saline-treated mice during early ( Fig. 7C ; n = 6, one-factor repeated measures ANOVA, F 8,40 = 12.76, P = 6.8 9 10 À9 ; Bonferroni test, P values for sessions 2-9 were 1.9 9 10 À4 , 2.2 9 10 À7 , 2.3 9 10 À5 , 7.3 9 10 À8 , 6.3 9 10 À9 , 6.6 9 10 À9 , 4.1 9 10 À7 and 2.1 9 10 À8 , respectively) and late ( Fig. 7D ; F 8,40 = 6.77, P = 1.4 9 10
À5
; Bonferroni test, P values for sessions 2-9 were 1, 0.045, 3.8 9 10 À3 , 2.1 9 10 À4 , 1.3 9 10 À4 , 3.6 9 10 À5 , 9.0 9 10 À3 and 1.4 9 10
À4
, respectively) trials. Comparable increases were also observed in the AP5-treated mice during early (n = 7, one-factor repeated measures ANOVA, F 8,48 = 26.43, P = 4.2 9 10 À15 ; Bonferroni test, P values for sessions 2-9 were 0.10, 3.0 9 10 À8 , 2.3 9 10 À10 , 3.7 9 10 À11 , 3.8 9 10 À12 , 1.4 9 10 À12 , 1.1 9 10 À11 and 4.0 9 10
À12
, respectively) and late (one-factor repeated measures ANOVA, F 8,48 = 29.45, P = 5.6 9 10 À16 ; Bonferroni test, P values for sessions 2-9 were , 3.7 9 10 À9 , 6.6 9 10 À11 , 6.6 9 10 À13 , 2.7 9 10 À13 , 4.0 9 10 À13 and 7.6 9 10 À14 , respectively) trials.
A two-factor mixed design ANOVA showed significant interaction between sessions and drug in early trials (Fig. 7C , n = 13, F 8,99 = 2.51, P = 0.016) but not in later trials (Fig. 7D , F 8,99 = 0.81, P = 0.59). The slopes of early trial cumulative curves for the AP5-treated mice were low in the early sessions (1-3). Compared to values for the saline-treated controls, slopes for the AP5-treated mice were lower, but the difference was significant only for the second session (Fig. 7C , two-tailed t test, P value for sessions 1-9 were 0.25, 9.6 9 10 À3 , 0.11, 0.37, 0.93, 0.94, 0.36, 0.61, and 0.61, respectively). Statistically significant difference was not detected in the first session, probably because the slopes of both groups were low. The saline-treated mice reached an apparent plateau level in the second session, whereas the AP5-treated mice reached plateau in the third session. This difference may account for the fact that the significant difference was only observed in the second session. Collectively, these findings show that the AP5-treated mice had more difficulty than the saline-treated controls in improving their early-session performance.
Discussion
Our findings demonstrate that new sequence learning can be monitored in detail in the step-wheel locomotor task and that acquisition rates exhibit early and late stages that can be identified by the different inter-footfall temporal variances and the different times spent close to the reward. Neuronal activity estimated by c-Fos expression was high in the motor cortex and dorsolateral striatum in the first session of new learning, relative to those in later sessions, and both direct and indirect pathway striatal projection neurons as well as nNOS-positive striatal interneurons exhibited characteristic changes from early to late in learning. New learning in the earliest phase was selectively slowed by blockade of NMDA receptors in the dorsolateral striatum. We conclude that conjoint activity of direct and indirect pathway neurons and local network neurons in the dorsolateral striatum occurs with new locomotor sequence learning and that this plasticity is likely critical for at least the earliest phases of new learning.
Motor skill learning in the step-wheel
Both inter-touch variances, used as a measure for accuracy, and water-position time, used as a measure for speed and achievement, improved as the training proceeded, and the acquired levels were maintained without practice for at least 16 days. These results are in accordance with features commonly found for motor skill: they are learned slowly and retained for extended times even without practice. We observed improvement of these indices with both ICR and C57BL/6 mice, indicating that the step-wheel could be used for assessment of motor behavior of mice of different sizes.
Our findings clearly indicate that the step-wheel has the potential for measurement of spatiotemporal motor accuracy, a direct measure of motor skills, in mice. Typical behavioral tasks used for rodents rarely test both motor accuracy and achievement. For example, the rotarod task, which is commonly used to estimate motor ability of rodents, uses time to fall from a rod, which does not directly measure motor accuracy but, rather, measures achievement.
Striatal regions activated in the step-wheel task
We found more c-Fos-positive neurons in the M1, M2, and dorsolateral striatum in the first session than in the seventh session. In the striatum, we observed c-Fos expression in striatal projection neurons (dSPNs and iSPNs), and two classes of striatal interneuron (PV + and nNOS + neurons). c-Fos expression was induced in both Enk + iSPNs and SP + dSPNs, and for both, the numbers of neurons expressing c-Fos were higher in the first session than in the seventh session. The ratio of c-Fos + Enk + and c-Fos + SP + neurons, however, did not change between the first and seventh sessions, which could indicate that the direct and indirect pathways are activated in a certain balance during running in the wheel regardless of learning stage.
The activation of the direct and indirect pathways is classically considered to elicit opposite effects (Albin et al., 1989; Alexander & Crutcher, 1990), but they are also cooperative (Mink, 1996; Tecuapetla et al., 2014; Oldenburg & Sabatini, 2015) . Selective blockade (Hikida et al., 2010) and selective activation (Kravitz et al., 2012) of these two pathways in mice suggest that they can contribute to opposite effects in shaping behavior, the direct pathway working to associate rewarding stimuli and the indirect pathway working to avoid aversive stimuli. A human study using Parkinson's disease patients with or without medication executing cognitive reinforcement tasks supports this model (Frank et al., 2004) .
Both neuron types are concomitantly activated on the initiation of sequential movements, but are modulated differentially during the sequences (Cui et al., 2014; Jin et al., 2014) . c-Fos expression is known to be differentially regulated in dSPNs and iSPNs both by cortical inputs and by dopamine (Gerfen & Surmeier, 2011) . Thus, the balance we observed between these pathways was actively maintained at a population level likely by the cortical and dopaminergic systems.
cFos was also induced in two classes of striatal interneuron among those examined, PV + and nNOS + . c-Fos + PV + neurons were numerous, but their numbers were similar for the first and seventh sessions. We were thus unable to detect with this c-Fos method their possible modulation. We found, however, that the number of c-Fos expressing nNOS + neurons was higher at the end of the first session than at the end of the seventh session. The activity of nNOS, the enzyme that produces nitric oxide (NO), is controlled by NMDA receptors (Kendrick et al., 1996; Sammut et al., 2007; Park & West, 2009 ) and dopamine D1 receptors (Park & West, 2009) , and striatal NO is reported to enhance the up-state of striatal projection neurons in vivo (West & Grace, 2004) . These facts may suggest that c-Fos expression in nNOS + neurons indicates the possibility of interaction of glutamatergic inputs from the motor cortices and dopaminergic inputs in the first session, which together might contribute to maintain an active balance between the direct and indirect pathways. In addition, NO has been reported to induce striatal long-term depression at the cortical synapses on these neurons (Calabresi et al., 1999; Rafalovich et al., 2015) . Our behavioral findings suggest that nNOS + neurons could have participated in the plasticity that we observed behaviorally.
Plasticity in the striatum in the early stage of peg-pattern change Blockade of NMDA receptors impaired the performance of mice in early trials in early sessions, as detected by their water-position times, suggesting that NMDA-dependent plasticity in the dorsolateral striatum was necessary for the earliest stages of the new learning. This result contrasts with the prior report that blockade of NMDA receptors in the dorsolateral striatum of mice running in the accelerating rotarod task led to deterioration of learning in the late acquisition stages, although some effects were observed by day 3 (Lemay-Clermont et al., 2011). In addition, NMDA current was found to be increased in the late stages of the rotarod task (Yin et al., 2009) . Critically, task demands are quite different in the rotarod and step-wheel tasks. The step-wheel task requires the mice sequentially to touch the pegs in certain positions and at certain times as they run. This fine-tuning might have elongated the learning process, so that a comparably 'late' stage was not reached, but the step-wheel learning curves reached plateaus in late sessions.
Second, the primary motivation of mice performing the two tasks was likely quite different. The rotarod performance is aversiondriven, whereas step-wheel performance is reward-driven. Given that direct pathway neurons are in responding to reward and indirect pathway neurons referentially for aversive cues (Frank et al., 2004; Hikida et al., 2010; Kravitz et al., 2012) , and that these neurons are differentially modulated by dopamine, different striatal circuit participation could occur in the two tasks. Our findings emphasize that plastic changes become engaged in very early stage of motor skill learning (Wickens et al., 1996; Surmeier et al., 2009) .
Third, changes in behavioral strategy and patterning were required for the step-wheel task but likely less so for the accelerating rotarod task, in which mice always employ a single global strategy, catching up to increasing speed of rotation, even though they could shape their footing through training (Cao et al., 2015) . In the step-wheel task, after the peg-pattern change, mice needed to change their running patterns in order to receive reward. It was in this early period, just after the peg-pattern change, that the mice should have changed their strategy and running patterns. The delay in post-shift performance in the AP5-treated mice may be caused by a failure in changing strategies.
It is well-known that neuronal activity in the striatum changes over the course of motor learning. In the dorsolateral (sensorimotor) striatum, the majority of neurons were found to be preferentially active in the later stages of a visuomotor task in non-human primates (Miyachi et al., 2002 ) and the accelerating rotarod task (Yin et al., 2009) , indicating that the dorsolateral striatum may contribute to the late stage of the motor skill learning. During T-maze overtraining, the ensemble activity of dorsolateral striatal neurons gradually take on more stereotyped patterns emphasizing task beginning and ending (Jog et al., 1999; Barnes et al., 2005; Thorn et al., 2010; Smith & Graybiel, 2013) . However, ensembles of neurons that had been quieted when reward was withheld after the long training period could become active in the very early stage of reward reinstatement (Barnes et al., 2005; Kubota et al., 2009; Smith and Graybiel, 2016) . This shift of active neurons suggests that the striatum, in the early stage, might cancel a set of active neurons established in the previous condition and explore a suitable set of active neurons for a new condition from a variety of neuron sets, and then rapidly form a new set of active neurons. In this exploitation and following exploratory formation of neuronal assemblies, synaptic weights likely change in the striatum, including those requiring the activity of NMDA receptors.
The striatum is thought to code action value (e.g., Samejima et al., 2005) . When executed movements are not suitable to achieve behavioral objective, animals cannot receive otherwise expected rewards, resulting in reward prediction errors. The dorsolateral striatum is thought to receive reward prediction error signals from dopamine-containing neurons in the substantia nigra, and likely other sources. In AP5-treated mice, water-position times were reduced in the first halves of trials during early sessions, when the reward prediction errors should have been large. The water-position times were reduced also in the control mice in the first session, but they exhibited quick recovery unlike the AP5-treated mice. NMDA-dependent plasticity may have occurred quickly according to the prediction error/loss of water reward in these controls.
It is reasonable to change behavior when its action value is lost, but behavioral change is slow or even nearly absent in some clinical conditions that include repetitive behavioral features, in addictive states and also in normal habits, in all of which neuroplasticity in the striatum may be insufficient. Future work on plasticity occurring in the very early stages of motor skill learning may open new therapeutic approaches for motor and psychomotor conditions and new protocols to break problem habits.
